Abstract-Atherosclerosis is an inflammatory disease occurring preferentially in arterial regions exposed to disturbed flow conditions including oscillatory shear stress (OS). OS exposure induces endothelial expression of bone morphogenic protein 4 (BMP4), which in turn may activate intercellular adhesion molecule-1 (ICAM-1) expression and monocyte adhesion. OS is also known to induce monocyte adhesion by producing reactive oxygen species (ROS) from reduced nicotinamide adenine dinucleotide phosphate (NADPH) oxidases, raising the possibility that BMP4 may stimulate the inflammatory response by ROS-dependent mechanisms. Here we show that ROS scavengers blocked ICAM-1 expression and monocyte adhesion induced by BMP4 or OS in endothelial cells (ECs). Similar to OS, BMP4 stimulated H 2 O 2 and O 2 Ϫ production in ECs. Next, we used ECs obtained from p47phox Ϫ/Ϫ mice (MAE-p47 Ϫ/Ϫ ), which do not produce ROS in response to OS, to determine the role of NADPH oxidases. Similar to OS, BMP4 failed to induce monocyte adhesion in MAE-p47 Ϫ/Ϫ , but it was restored when the cells were transfected with p47 phox plasmid. Moreover, OS-induced O 2 Ϫ production was blocked by noggin (a BMP antagonist), suggesting a role for BMP. Furthermore, OS increased gp91phox (nox2) and nox1 mRNA levels while decreasing nox4. In contrast, BMP4 induced nox1 mRNA expression, whereas nox2 and nox4 were decreased or not affected, respectively. Also, OS-induced monocyte adhesion was blocked by knocking down nox1 with the small interfering RNA (siRNA). Finally, BMP4 siRNA inhibited OS-induced ROS production and monocyte adhesion. Together, these results suggest that BMP4 produced in ECs by OS stimulates ROS release from the nox1-dependent NADPH oxidase leading to inflammation, a critical early atherogenic step. Key words: BMP4 Ⅲ oscillatory shear Ⅲ reactive oxygen species Ⅲ monocyte adhesion Ⅲ endothelial cells Ⅲ NADPH oxidase V ascular endothelial cells (ECs) are constantly exposed to fluid shear stress, the frictional force generated by blood flow over the vascular endothelium. The importance of shear stress in vascular biology and pathophysiology has been highlighted by the focal development patterns of atherosclerosis in hemodynamically defined regions. For example, the regions of branched and curved arteries exposed to disturbed flow conditions including oscillatory shear stress (OS) correspond to "lesion-prone areas" that preferentially develop atherosclerosis. 1,2 In contrast, straight arteries exposed to steady, high levels of laminar shear stress (LS) are relatively well protected from atherosclerotic plaque development.
V ascular endothelial cells (ECs) are constantly exposed to fluid shear stress, the frictional force generated by blood flow over the vascular endothelium. The importance of shear stress in vascular biology and pathophysiology has been highlighted by the focal development patterns of atherosclerosis in hemodynamically defined regions. For example, the regions of branched and curved arteries exposed to disturbed flow conditions including oscillatory shear stress (OS) correspond to "lesion-prone areas" that preferentially develop atherosclerosis. 1, 2 In contrast, straight arteries exposed to steady, high levels of laminar shear stress (LS) are relatively well protected from atherosclerotic plaque development. 1, 2 Atherosclerosis is an inflammatory disease preferentially occurring in lesion-prone areas. 2, 3 The earliest measurable markers of atherogenesis include expression of inflammatory adhesion molecules such as E-selectin, vascular cell adhesion molecule-1 (VCAM-1) and intercellular adhesion molecule-1 (ICAM-1), and subsequent monocyte adhesion and recruitment into the lesion-prone areas. 2, 4, 5 Additional critical atherogenic events include the loss of bioavailable NO production and an increase in reactive oxygen species (ROS) levels, including superoxide (O 2 Ϫ ), hydrogen peroxide (H 2 O 2 ), and peroxynitrite (ONOO Ϫ ). 6, 7 The mechanisms by which different flow conditions (LS and OS) prevent or induce inflammation and atherosclerosis have been the topic of intense studies in recent years. The opposite effects of OS and LS are likely to be mediated by both acute regulation of vasoactive factor production and chronic changes involving gene and protein expression profiles. 8 -15 Several groups, including ours, 8 -13 have performed DNA microarray studies in an attempt to systematically identify mechanosensitive genes, which change in response to LS, OS, or turbulent flow, in ECs. Through our DNA microarray studies and the subsequent functional studies, we have discovered a novel mechanism by which OS induces inflammatory responses in ECs: the production of bone morphogenic protein 4 (BMP4). 13 We have shown that exposure of ECs to OS induces BMP4 production, which in turn stimulates ICAM-1 expression and subsequent monocyte adhesion in a nuclear factor B (NF-B)-dependent manner. 13 In a more recent study, we found that OS stimulates monocyte adhesion by increasing ROS (O 2 Ϫ and its derivatives) levels derived from reduced nicotinamide adenine dinucleotide phosphate (NADPH) oxidases in ECs. 16 However, it is not known whether BMP4 that is induced by OS is directly involved in OS-dependent ROS production and subsequent monocyte adhesion.
Here, we examined the hypothesis that BMP4 produced in response to OS induces inflammatory responses (ICAM-1 production and monocyte adhesion) by stimulating ROS production from NADPH oxidases. This hypothesis was tested by using ECs obtained from wild-type (wt; C57BL6) or NADPH oxidase knockout mice in combination with pharmacological and molecular approaches.
Materials and Methods

ECs and Shear Studies
ECs obtained from the thoracic aortas of C57BL6 control (MAE-wt) and p47 phox -null mice (MAE-p47 Ϫ/Ϫ ) were used. 16 Human aortic ECs (HAECs; Clonetics) were cultured in EBM-2 bullet kit (Clonetics). 13 Confluent ECs grown in 100-mm tissue culture dishes (Falcon) were exposed to OS (Ϯ5 dyne/cm 2 ) or static control conditions for 1 day using a cone-and-plate device as described by us. 13 
Monocyte Adhesion Assay
After OS or BMP4 treatment, binding of Tamm-Horsfall protein-1 (THP-1) monocytes to MAE cells was determined as described previously. 13, 16 
ICAM-1 Expression
Surface expression of ICAM-1 in HAECs was determined by fluorescence-activated cell sorting (FACS) as described by us 13 and in the online supplement.
H 2 O 2 and O 2
؊ Assays H 2 O 2 and O 2 Ϫ productions were determined by fluorometry using 2Ј, 7Ј-dichlorofluorescein diacetate (DCF-DA; 7.5 g/mL; Molecular Probes) 17 and electron spin resonance (ESR) spectroscopy using methoxycarbonyl-2,2,5,5-tetramethyl-pyrrolidine (CMH) 16 as described further in the online supplement.
Small Interfering RNA Experiments
The annealed small interfering RNA (siRNA) duplexes (nox1 [sense: 5Ј-GGAAUUAUUUUGAGCUCUUttЈ, antisense: 5Ј-AAGAGCUCAAAAUAAUUCCtg]; BMP4 [sense: 5ЈGGCGACACUUCUA-CAGAUGtt, antisense: 5Ј-CAUCUGUAGAAGUGUCGCCtc] and nonsilencing [sense: 5Ј-UUCUCCGAACGUGUCACGUtt, antisense: 5Ј-ACGUGACACGUUCGGAGAAtt]) were used with Oligofectamine (Invitrogen), as described further in the expanded Materials and Methods section in the online data supplement available at http://circres.ahajournals.org.
Real-Time Quantitative Polymerase Chain Reaction
Real-time polymerase chain reaction (PCR) for nox1, nox2, and nox4 mRNA quantification was performed as described previously 13 and in the online supplement.
Results
Treatment of ECs With BMP4 Stimulates Monocyte Adhesion by ICAM-1 and ROS-Dependent Mechanisms
Recently, we have shown that BMP4 produced in ECs in response to OS acts as an autocrine, inflammatory cytokine, leading to ICAM-1 induction and subsequent monocyte adhesion. 13 In a separate, more recent study, we also have shown that exposure of ECs to OS stimulates ROS production from NADPH oxidases, which in turn results in monocyte adhesion. 16 These 2 findings have prompted the question of whether BMP4 produced in ECs by OS is directly responsible for production of ROS from NADPH oxidases, which then leads to ICAM-1 induction and monocyte binding.
Although we demonstrated previously that OS-induced monocyte adhesion can be prevented by the ICAM-1 blocking antibody (YN1), 13 it was not tested whether YN1 can also block BMP4-induced monocyte adhesion. Treatment of MAE-wt cells with BMP4 for 18 hours stimulated monocyte adhesion by 5-to 6-fold above that of vehicle control, which was completely prevented by YN1 antibody ( Figure 1A ). This further confirms our previous assumption that ICAM-1 expressed on EC surface plays a critical role in BMP4-induced monocyte adhesion.
Next, we determined whether BMP4-induced monocyte adhesion is regulated in an ROS-dependent manner by treating ECs with ROS scavengers. As shown in Figure 1B necrosis factor-␣ (TNF-␣), a well-known inducer of monocyte adhesion, was used in these studies as a positive control ( Figure 1B ).
OS and BMP4 Induce ICAM-1 Expression in an ROS-Dependent Manner
Although OS was shown to stimulate monocyte adhesion by inducing ICAM-1 expression on the EC surface in an ROSdependent manner, 13, 18 it was not known whether BMP4 would also induce ICAM-1 by the same mechanism. To address this question, we first determined a role of ROS in OS-induced ICAM-1 expression by using ROS scavengers. Exposure of HAECs to OS for 1 day increased surface expression of ICAM-1 by 68% above that of static conditions ( Figure 2A ). Inclusion of PEG-catalase or Tiron during shear exposure completely prevented the OS-induced ICAM-1 expression, demonstrating a critical role of ROS in this response ( Figure 2A ). Next, we determined whether ROS also played an important role in BMP4-dependent ICAM-1 expression on EC surface. As shown previously by us, 13 transfection of BMP4 in HAECs produces prepropeptide (54 kDa) and an active, secreted form (23 kDa) of BMP4, as determined by Western blot analysis using a monoclonal BMP4 antibody (data not shown). BMP4 overexpression stimulated ICAM-1 expression by 84% above that of empty vector control ( Figure 2B ). BMP4-induced ICAM-1 expression was significantly inhibited by either PEG-catalase or N-acetyl-cysteine, suggesting an important role for ROS.
NADPH Oxidases Play a Critical Role in BMP4-Induced Inflammatory Response of ECs
Using MAE-p47 Ϫ/Ϫ cells and the ESR spin trap CMH, we demonstrated that OS stimulates monocyte adhesion by the mechanism dependent on ROS derived from p47phox-based NADPH oxidases. 16 Moreover, we were able to "rescue" the inflammatory responses of MAE-p47 Ϫ/Ϫ cells in response to OS by transfecting them with p47phox cDNA. 16 Here, we used the same approach to determine whether ROS derived from NADPH oxidases play a critical role in monocyte adhesion to ECs. As shown in Figure 3A , MAEp47 Ϫ/Ϫ cells expressed no detectable p47phox. However, transfection of the cells with p47phox cDNA 16 
BMP4 Stimulates O 2 ؊ and H 2 O 2 Production in ECs
Because we have shown that OS stimulates production of O 2 Ϫ and H 2 O 2, 13,19 we next examined whether BMP4 alone could also stimulate the ROS production in MAE cells. As shown in Figure 4A , treatment of MAE-wt cells with BMP4 for 20 hours stimulated O 2 Ϫ production by 1.8-fold above control (PϽ0.004), as determined by ESR spectroscopy of 3-methoxycarbonyl-proxyl (CM • ). There was also a small (27%), but statistically significant (Pϭ0.004) increase in O 2 Ϫ production above the control levels after 1 hour of BMP4 treatment. This assay was performed in the presence or absence of superoxide dismutase (SOD) to quantify the SOD-inhibitable amount of CM
• , providing further specificity for the assay. In addition, BMP4 increased production of H 2 O 2 in mouse aortic ECs (MAECs) by 70% above control (PϽ0.05) and in HAECs by 50% (PϽ0.05), as determined by oxidation of DCF-DA ( Figure 4B ). BMP4-dependent H 2 O 2 production was completely blocked if MAE-wt were incubated with cell-permeable PEG-catalase before and during BMP4 treatment, demonstrating the specificity of the assay ( Figure 4B ). These results demonstrate that BMP4 alone, much like OS, can stimulate production of O 2 Ϫ and H 2 O 2 and in ECs.
Differential Regulation of Nox Homologue Expression by OS and BMP4
Next, we examined whether OS and BMP4 increase ROS production by upregulating expression levels of NADPH oxidase catalytic subunits. Because vascular ECs express 3 membrane-bound forms of NADPH oxidases (gp91phox, also known as nox2, and its homologues nox1 and nox4), 20 we examined their expression levels by the quantitative real-time PCR assay. In static cultured MAECs, nox4 mRNA was far more abundant than nox1 and nox2. In static conditions, nox1, nox2, and nox4 copy numbers were 11, 63, and 1242 per 10 8 18S copies, respectively, which is similar to previous findings. 20, 21 Next, we determined which nox is regulated by shear stress and BMP4. As shown in Figure 5 , OS increased nox1 and nox2 expression. Surprisingly, nox4 levels were significantly reduced by OS ( Figure 5C ). LS exposure decreased nox4 level by 51% without affecting nox1 and nox2.
BMP4 treatment of MAECs significantly upregulated only nox1 mRNA, whereas nox2 was downregulated, and nox4 was not significantly affected ( Figure 5D through 5F). The BMP4 effect on nox1 induction was time dependent, increasing by 1 hour, reaching a maximum by 4 hours, and then returning toward the basal level by 24 hours. In contrast, BMP4 downregulated nox2 to a barely detectable level within 4 hours of treatment ( Figure 5E ).
The divergent effects of OS (upregulating nox1 and nox2) and BMP4 (upregulating nox1, while downregulating nox2) raise an interesting question regarding which nox would be important in ROS production and subsequent monocyte adhesion in response to OS. Because BMP4 alone can recapitulate OS-induced events from ROS production to monocyte adhesion, we hypothesized that nox1 is responsible for the BMP4-induced ROS production and inflammation. Nox2 may be involved in the proximal pathway leading to BMP4 production. In the next study, the nox1 hypothesis was examined by using an siRNA approach.
Nox1 siRNA Blocks OS-Induced Monocyte Binding
For this study, we transfected MAECs with nox1-specific siRNA and a nonsilencing siRNA (N-si) as a control. As shown in Figure 6A , in static control MAECs, nox1 siRNA (Nox1-si) reduced the nox1 mRNA level by 67% (nϭ6), whereas N-si did not. In addition, Nox1-si did not affect either nox2 or nox4 mRNA levels ( Figure 6C and 6D) , demonstrating its specificity for nox1. Next, we examined whether knocking down nox1 mRNA expression in MAECs could block OS-dependent monocyte adhesion. As shown in Figure 6B , Nox1-si completely prevented OS-induced monocyte adhesion compared with the N-si-treated cells ( Figure  6B ). This result, for the first time, identifies nox1 as a mechanosensitive NADPH oxidase, playing an essential role in the monocyte adhesion response in ECs.
BMP4 siRNA Blocks OS-Induced Monocyte Binding
Some of the evidence supporting the hypothesis that OS induces inflammatory responses in ECs by producing BMP4 is based on the use of the BMP antagonist noggin 13 (supplemental Figure S1 ). In addition, our current and previous findings 13 have shown that BMP4 alone can recapitulate these OS-dependent inflammatory responses. However, noggin could inhibit not only BMP4 but also other BMP family members, making it difficult to conclude the specific role of BMP4 in the OS-induced inflammatory responses. To address this, we examined the effect of a BMP4 siRNA on the OS-induced monocyte adhesion and ROS production. Treatment of MAECs with 50 nmol/L BMP4 siRNA significantly reduced the mature BMP4 level in the conditioned media by Ϸ80% compared with that of a N-si ( Figure 7A ). Under the same conditions, BMP4 siRNA but not N-si completely blocked OS-induced monocyte adhesion ( Figure 7B ). In addition, the BMP4 siRNA significantly reduced the ROS production in both static and sheared cells by 37% and 46% of the respective nonsilencing controls ( Figure 7C ). These results demonstrate that endothelial BMP4 produced in response to OS is the critical BMP member responsible for ROS monocyte adhesion and ROS production.
Discussion
The novel findings of this study are that (1) BMP4 stimulates ROS production by the mechanisms dependent on p47phox-based NADPH oxidases; (2) ROS produced in response to BMP4 plays a critical role in 2 inflammatory responses of ECs: surface expression of ICAM-1 and monocyte adhesion; (3) OS increases nox1 and nox2 mRNA expression while decreasing nox4; (4) BMP4 increases only nox1 mRNA level; (5) knocking down nox1 blocks OS-induced monocyte adhesion; and (6) knocking down BMP4 inhibits OS-induced ROS production and prevents monocyte adhesion. Collectively, these novel findings strongly suggest that BMP4, produced in ECs in response to OS, acts as a proinflammatory cytokine by stimulating ROS production in a nox1-dependent manner, eventually leading to the monocyte adhesion response.
Atherosclerosis is now well known to be an inflammatory disease preferentially occurring in lesion-prone areas associated with unstable shear stress in branched or curved arteries. In addition, increased levels of ROS have been strongly implicated in atherosclerotic plaque development. 21 Recently, we have shown that chronic exposure (1 day) of ECs to OS stimulates production of ROS (O 2 Ϫ and H 2 O 2 ) in an NADPH oxidase-dependent manner, 16, 19 which in turn led to an inflammatory response as determined by monocyte adhesion. 16 In our previous study, 16 we found that the monocyte adhesion response of ECs in response to OS was only observed after a chronic exposure (Ն18 hours), but not by a shorter exposure (4 hours), suggesting a requirement for de novo synthesis of proteins such as BMP4. Consistent with this idea, we recently provided evidence that BMP4 induction, requiring several hours of OS exposure, is responsible for triggering the monocyte adhesion response in ECs. 13 Furthermore, our current data showing a significant increase in ROS production after 20 hours of BMP4 treatment ( Figure  4 ) may be attributable to an increase in nox1 mRNA level ( Figure 5 ).
More recently, we have shown that MAE-p47 Ϫ/Ϫ cells do not produce O 2 Ϫ and fail to induce monocyte adhesion in response to OS. 16 In that study, we were able to rescue or restore OS-dependent O 2 Ϫ production and monocyte adhesion by transfecting MAE-p47 Ϫ/Ϫ cells with p47phox vector. 16 These results suggested that OS stimulates p47phox-based NADPH oxidases to produce ROS, which then leads to the subsequent monocyte adhesion response. However, at the time, it was not known whether BMP4 was involved in this ROS-dependent response and which nox type was responsible for this pathway.
In the current study, using the same molecular rescue approach, we were able to restore the BMP4-dependent monocyte adhesion to the MAE-p47 Ϫ/Ϫ cells by re-expressing p47phox ( Figure 3B ). We also directly demonstrated that BMP4 alone can stimulate O 2 Ϫ and H 2 O 2 production in ECs ( Figure 4A and 4B) . Moreover, we were also able to block OS-induced ROS production and monocyte adhesion by using either noggin 13 or the BMP4 siRNA ( Figure 7 ; supplemental Figure S1 ). Together, these results demonstrate a critical role of BMP4 in mediating the OS-dependent ROS production and inflammatory responses.
What is the mechanism underlying ROS production in response to OS and BMP4? It is likely that ROS production stimulated by BMP4 and OS (by upregulating BMP4) would involve activation of enzyme activities and increased expression of the components of NADPH oxidases. ECs express several NADPH oxidases that are composed of multiple subunits. Strong evidence indicates that they express the classical neutrophil oxidase, comprised of gp91phox (also known as nox2) and p22phox in the membrane, and p47phox, p67phox, and Rac in the cytosol. 6, 22 Recent work 21, 23 and the current study ( Figures 5 and 6 ) have shown that MAECs also express nox1 and nox4. Importantly, p47phox can regulate nox1 and nox2, 24, 25 suggesting that these 2 NADPH oxidase homologues are candidates for the OS-and BMP4-dependent oxidase, based on the ability of p47phox to reconstitute the response in p47phox-deficeint MAECs (Figure 3) . 16 Although nox1 and nox2 are upregulated by OS, only nox1 was upregulated by BMP4 ( Figure 5 ). Interestingly, Nox1-si blocked OS-induced monocyte adhesion. Together, these results suggest that nox1 plays a role as a distal step after BMP4 induction in response to OS. The role of nox2 is not clear at the moment. It is possible that nox2 may be an upstream regulator of BMP4 induction or, perhaps because of restricted subcellular localization, it may regulate OSstimulated responses other than monocyte adhesion.
Recently, Hwang et al 23 have shown that OS (created by a parallel plate system) increases nox2 and nox4 mRNA levels in bovine aortic ECs. Although their OS effect on nox2 is consistent with the current study, its effect on nox4 is not. This discrepancy between the 2 studies may be at least partially attributable to the different species (bovine versus mouse), different shear device (parallel plate versus coneand-plate), and the different shear exposure times (20 hours versus 6 hours). Furthermore, these authors 23 did not examine nox1 levels. Although our study clearly establishes nox1 as the mediator of BMP4-dependent monocyte adhesion in response to OS, the functions of nox2 and nox4 remain to be determined.
In atherosclerotic conditions, nox1, nox2, and nox4 have all been implicated. Human atherosclerotic lesions contain increased levels of ROS mainly because of NADPH oxidases. 21, 26, 27 Nox4 is abundantly expressed in the intimal, medial, and adventitial layers of nonatherosclerotic and atherosclerotic coronary arteries. 21 Nox2 expression associated with plaque macrophages was also reported in the same study. In contrast, nox1 levels are very low 21 or undetectable in some studies. 28 In a rabbit carotid injury model, an increase in nox2 level was found in the neointima. 28 The most dramatic time-dependent changes in nox types have been demonstrated in a rat carotid balloon-injury model during restenosis development. Immediately after the carotid injury, nox1 level was increased (within 3 days), whereas nox4 level remained unchanged for the first 7 days but went up in the late phase (15 days after the injury). In the same study, a nox2 increase was noted 7 days after the injury. It is also interesting to note that nox1 has been implicated in inflammatory conditions, 29, 30 given the role of nox1 in OS and BMP4-induced monocyte adhesion. Although these in vivo studies, especially human atherosclerosis studies, demonstrate the expression of all 3 nox types, it has been difficult to establish their quantitative changes in a cell-specific manner. Our current study begins to demonstrate the changes of each nox type in ECs in response to pathophysiologically important atherogenic stimuli: OS and BMP4.
Based on the current data and literature, we propose that BMP4 is a critical mechanosensitive autocrine cytokine, triggering proinflammatory and proatherogenic responses of ECs by increasing ROS production from NADPH oxidases as described in Figure 8 . The ECs in lesion-prone areas experience unstable flow conditions such as low shear stress and OS, which induce BMP4 expression through undefined mechanisms. OS-induced nox2 expression may play a role in this step. BMP4 produced in ECs, acting as an autocrine factor and binding to the BMP receptors, stimulates ROS 
